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. . *  
This r epor t  was prepared as an  account of Government sponsored 
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Space Adminis t ra t ion  (NASA), nor any person a c t i n g  on behal f  of NASA: 
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of the  informat ion  conta ined  i n  t h i s  r e p o r t ,  o r  t h a t  t h e  
use of any informat ion ,  a p p a r a t u s ,  method, o r  process  d i s -  
closed i n  t h i s  r e p o r t  may no t  i n f r i n g e  p r i v a t e l y  owned 
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method or process  d i s c l o s e d  i n  t h i s  r e p o r t .  
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employee o r  con t r ac to r  of NASA, o r  employee of such c o n t r a c t o r ,  t o  
t h e  e x t e n t  tha t  such employee or c o n t r a c t o r  of NASA, o r  employee of 
such con t r ac to r  p repa res  , d i s semina te s ,  o r  provides  access  t o ,  any 
informat ion  pursuant t o  h i s  employment o r  c o n t r a c t  w i th  NASA, o r  h i s  
employment with such c o n t r a c t o r .  
Requests f o r  cop ie s  of t h i s  r e p o r t  should be r e f e r r e d  t o  
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ANALYTICAL AND EXPERIMENTAL STUDIES 
OF SURFACE IONIZATION 
by 
W .  D. Dong 
ABSTRACT 
Ana ly t i ca l  s t u d i e s  and experimental  measurements w e r e  
made which r e s u l t e d  i n  t h e  conclusion t h a t  rhodium and rhe -  
nium a r e  b e t t e r  cesium-ionizer m a t e r i a l s  t han  tungs ten  f o r  
s u r f a c e  i o n i z a t i o n  engines .  Other  materials eva lua ted  were 
i r id ium,  tantalum, 74% tungsten-26% rhenium and 10% tung- 
s ten-90% tantalum. The conclusion was p r i m a r i l y  based on 
an eva lua t ion  of c r i t i c a l  temperature,  work f u n c t i o n  and 
i o n i z a t i o n  e f f i c i e n c y .  A l s o  measured were atom and ion  
l i f e t i m e s  and atom and ion  desorp t ion  e n e r g i e s .  A recom- 
mendation is  made t h a t  g a s  contamination be  t h e  s u b j e c t  of 
f u t u r e  s t u d i e s  i f  t h e  advantage o f  low c r i t i c a l  t empera ture ,  
such as t h a t  possessed by rhodium, i s  t o  be  u t i l i z e d .  
I .  
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An atomic cesium beam w a s  used t o  s tudy  s u r f a c e  i o n i z a t i o n  on 
i r id ium,  rhenium, rhodium, tantalum, tungs ten ,  10 pe rcen t  tungsten-90 
pe rcen t  tantalum, and 74 percent  tungsten-26 pe rcen t  rhenium w i r e s  
under vacuums of 10 t o r r  and lower. The p resen t  program w a s  moti- 
va t ed  by a need t o  f i n d  ma te r i a l s  supe r io r  i n  performance t o  t h a t  of 
tungs ten  f o r  t he  s u r f a c e  i o n i z a t i o n  source  i n  an i o n  engine.  
-9 
Parameters  eva lua ted  were vacuum e l e c t r o n  work f u n c t i o n s ,  c r i t i -  
cal  temperatures ,  atom and i o n  l i f e t i m e s ,  atom and ion  deso rp t ion  
e n e r g i e s ,  and i o n i z a t i o n  e f f i c i ency .  I n  t h e  fol lowing summary of 
r e s u l t s ,  t h e  more d e s i r a b l e  ma te r i a l s  are g iven  f i r s t .  The most i m -  
p o r t a n t  parameters f o r  s u r f a c e  i o n i z a t i o n  engines  a r e  c r i t i c a l  tempera- 
t u r e  and n e u t r a l  f r a c t i o n .  The s tudy i n d i c a t e d  the order  of i nc reas ing  
c r i t i c a l  temperature  t o  be 
Ir < Rh < Re, W < a l l o y s  < Ta 
and t h e  order  of decreas ing  work f u n c t i o n  t o  be 
When ordered as t o  decreas ing  i o n i z a t i o n  e f f i c i e n c y  ( i n c r e a s i n g  n e u t r a l  
f r a c t i o n ) ,  
R e  > W > a l loys  > Rh 7 Ir 2 Ta 
Both rhodium and rhenium have b e t t e r  s u r f a c e  i o n i z a t i o n  charac-  
t e r i s t i c s  f o r  i o n i z e r s  than tungsten does.  A t t e n t i o n  i s  c a l l e d  t o  
rhodium because of i t s  l o w  c r i t i c a l  temperature  (740 K). However, w e  
b e l i e v e  rhodium i s  more suscep t ib l e  t o  gas  contaminat ion,  and recommend 
t h a t  gas  contaminat ion on cesium s u r f a c e  i o n i z a t i o n ,  p a r t i c u l a r l y  wi th  
rhodium, be a s u b j e c t  f o r  fu tu re  s tudy .  
0 
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1. INTRODUCTION 
This i s  a summary r e p o r t  of an experimental  and a n a l y t i c a l  s tudy  
of cesium s u r f a c e  i o n i z a t i o n  conducted f o r  t h e  Nat iona l  Aeronaut ics  
and Space Adminis t ra t ion  by Elec t ro-Opt ica l  Systems, Inc .  The program, 
conducted from 24 January 1964 t o  30 September 1964 under c o n t r a c t  
NAS3-5244, w a s  motivated by a need t o  f i n d  materials supe r io r  i n  per -  
formance over t h a t  of tungs ten  f o r  t h e  i o n i z a t i o n  source  of a s u r f a c e  
i o n i z a t i o n  engine.  T h i s  work was one a spec t  of a more gene ra l  program 
p e r t a i n i n g  t o  cesium su r face  ion iza t ion  and the  e f f e c t  of gas contami- 
n a t i o n  t o  the  process: " 
An atomic beam technique was used t o  s tudy  cesium s u r f a c e  ion iza -  
t i o n  on t h e  fo l lowing  ma te r i a l s :  i r i d ium,  rhenium, rhodium, tantalum, 
tungs t en ,  10 pe rcen t  tungsten-90 percent  tantalum, and 74 percent  
tungsten-26 pe rcen t  rhenium. Before the  admission of cesium t o  t h e  
system, vacuum work func t ion  measurements w e r e  taken. I o n i z a t i o n  
measurements used several d i f f e r e n t  methods. Some of t h e  i o n i z a t i o n  
e f f i c i e n c i e s  w e r e  measured i n  a manner s imi la r  t o  t h a t  of Datz and 
Taylor i n  t h e i r  work wi th  a l k a l i  beams on plat inum and tungsten? 
Other  i o n i z a t i o n  e f f i c i e n c i e s  were obta ined  by a l t e r n a t i n g  t h e  i o n  
c o l l e c t i n g  f i e l d  as dic! Starodubtsev? Atom and ion  l i f e t i m e s  and 
atom and i o n  deso rp t ion  energies  were obta ined  both by t h e  alter-  
n a t i n g  f i e l d  method, as used by Evans5 and r e f i n e d  by S t a r o d ~ b t s e v ~ ,  
and by t h e  modulated beam technique employed by Hughes and Lev ins t e in  
i n  t h e i r  work wi th  rubidium on tungsten: 
urements were made using a steady beam, s i n c e  one of t h e  i n c i d e n t a l  
o b j e c t i v e s  of t h e  p re sen t  program w a s  t o  e v a l u a t e  the 'beam technique 
f o r  such high-coverage phenomena. 
C r i t i c a l  temperature  meas- 
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2 .  APPARATUS 
T h e  cesium beam a p p a r a t u s ,  shown in  F i g .  1, housed two samples 
and one tungsten s tandard  i n  vacuum. A small oven (Fig.  1 )  supp l i ed  
a beam o f  cesium vapor t o  t h e  samples.  The beam w a s  co l l ima ted  t o  
s t r i k e  each of t h e  th ree  f i l amen t s  w i t h  t h e  same f l u x  i n t e n s i t y  except  
f o r  a s m a l l  angular  d i s t r i b u t i o n  f a c t o r .  Cesium atoms ion ized  on t h e  
wire  su r face  were drawn, under t h e  i n f luence  of  a 22-1/2 v o l t  po ten-  
t i a l ,  t o  either the  c y l i n d r i c a l  c o l l e c t o r  or guard surrounding t h e  
w i r e .  T h i s  ba t t e ry - supp l i ed  vo l t age  w a s  s u f f i c i e n t  t o  c o l l e c t  t h e  
ions  i n  the  emiss ion- l imi ted  mode. The guard insured  a r a d i a l  e lec-  
t r i c  f i e l d  between c o l l e c t o r  and f i lament  s o  t h a t  t h e  c o l l e c t o r  i n t e r -  
cep ted  only  ions desorbing from a = 0.04142 c m  o f  area on t h e  f i l a m e n t .  
From the  c o l l e c t o r ,  connect ion w a s  made t o  e i t h e r  a Ke i th l ey  600A 
Elec t rometer ,  a Tekt ronix  o s c i l l o s c o p e  wi th  a Type D p r e a m p l i f i e r ,  o r  
a Varian Model F-80 X-Y r eco rde r ,  depending on t h e  s e n s i t i v i t y  and t i m e  
response requi red .  Both guard and vacuum chamber were main ta ined  a t  
ground p o t e n t i a l .  T h e  vo l t age  of  t he  c o l l e c t o r  w a s  determined by t h e  
vo l t age  across  the input  r e s i s t o r  of t h e  measuring ins t rument ,  g e n e r a l l y  
a f r a c t i o n  of a v o l t  p o s i t i v e  with r e spec t  t o  ground. Power t o  t h e  
f i l amen t s  was suppl ied  by r egu la t ed  power s u p p l i e s .  Filament v o l t a g e  
and c u r r e n t  were monitored w i t h  1 / 4  percent  Greibach me te r s .  
2 
The vacuum chamber, which could be baked t o  speed ou tgass ing ,  w a s  
cons t ruc t ed  of s t a i n l e s s  s t e e l  w i t h  m e t a l l i c a l l y  s e a l e d  g l a s s  view 
p o r t s .  It was evacuated by a 4-inch Nat iona l  Research Corporat ion 
Model H S 4 - 7 5 0  d i f f u s i o n  pump through a s p e c i a l  a n t i - o i l - c r e e p ,  o p t i -  
c a l l y  dense bakeable l i q u i d  n i t rogen  t r a p .  The p r e p a r a t i o n  and pump- 
down procedure descr ibed  i n  Appendix A i s  s u f f i c i e n t  t o  reach  a base  
vacuum of  4 x 10 t o r r  c o n s i s t e n t l y .  The d i f f u s i o n  pump w a s  i n  
t u r n  evacuated through a r e f r i g e r a t e d  f o r e l i n e  t r a p  by a Welch Duoseal 
- 10 
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425 Illmin. mechanical pump. Vacuum w a s  i n d i c a t e d  by a NRC 551A-P i o n  
gage l o c a t e d  between t h e  vacuum chamber and t h e  l i q u i d  n i t r o g e n  t r a p .  
The a c t u a l  vacuum i n  t h e  chamber i s  probably a f a c t o r  of 2 o r  s o  h i g h e r  
than  i n d i c a t e d  by t h e  gage. Composition of t h e  r e s i d u a l  background 
gas  w a s  monitored by a g lass -enc losed  Genera l  E lec t r ic  Res idua l  Gas 
Analyzer mounted a t  one s i d e  of t h e  vacuum chamber. 
t a i n e d  are  discussed i n  Appendix B.  
Mass s p e c t r a  ob- 
4761-Final 4 
3. ANALYSIS 
3 .1  Vacuum Elec t ron  Work Funct ion 
When a meta l  i s  a t  temperature T ,  t h e  c u r r e n t  d e n s i t y  of  
e l e c t r o n s  leaving t h e  meta l  i s  g iven  by t h e  Richardson-Dushman equa- 
t ion  7 
** 
J =  A* T2 e-CP /kT 
** 
A* i s  t h e  Richardson conseant and CP 
f o r  p o l y c r y s t a l l i n e  materials. If A 
deg2, t h e  va lue  f o r  a n  idea l ized  metal, t h e  CP 
i s  t h e  Richardson work f u n c t i o n  
is  set  equal  t o  120 amps/cm - ** 2 
*.k 
becomes t h e  e f f e c t i v e  ** 
work func t ion  CP . Consequently CP and CPe a r e  r e l a t e d  by7 e 
ep =tp"+- T 120 
5040 log lo  3 A e 
U s e  of  t h i s  r e l a t i o n  w i l l  be  made la ter .  * .kd. 
W e  eva lua ted  and A f o r  each material  by p l o t t i n g  
2 4 
loglOJ/T versus  10 /T .  
e l e c t r o n  c o l l e c t c r  c u r r e n t  by t h e  area a .  
degrees  Kelvin was ob ta ined  from o p t i c a l  pyrometer readings  of t h e  
b r igh tness  temperature  of t h e  sample, c o r r e c t e d  f o r  e m i s s i v i t y  as 
descr ibed  i n  Appendix C. 
The value of J was ob ta ined  by d iv id ing  t h e  
The t r u e  temperature  T in  
For t h e  i r i d ium,  rhodium, tungs t en  and a l l o y  samples t h e  
p o s s i b i l i t y  o f  contaminat ion due t o  r e s i d u a l  background gas  a t  sample 
temperatures  below about 1800 K was minimized by f l a s h i n g  t h e  f i l amen t  
t o  1800 K before  each e l e c t r o n  emission reading  and by main ta in ing  t h e  
vacuum i n  t h e  10 t o r r  range f o r  t h e  ma jo r i ty  of t h e  readings .  
0 
0 
- 10 
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These precaut ions d i d  not  seem t o  be necessary  f o r  rhenium o r  
10 tantalum. J/T2 
p l o t  versus  10 /T p l o t ,  according t o  Eq. 1 l i e  i n  a s t r a i g h t  l i n e ,  t h e  
s l o p e  of which m u l t i p l i e d  by 1.984 i s  CP 
c e p t  of log 
t o  those  f o r  tantalum. (See F i g .  2 . )  The corresponding CP and A 
f o r  each p l o t  i s  given i n  Table  1. 
I n  t h e  absence of  contaminat ion t h e  p o i n t s  of t h e  log 
4 
** 
and w i t h  a n  o r d i n a t e  i n t e r -  
A**. A l l  t h e  samples had s t r a i g h t  l i n e  p l o t s  s imi l a r  * ** 10 
TABLE 1 
VACUUM THERMIONIC CONSTANTS 
2 
cp** A* 
Mater ia  1 Reference Conf igura t ion  (ev) (amps/cm2-deg 
I r id ium 
Rhenium 
Rhodium 
Tan t a 1 um 
Tungsten 
10% W-90% T a  
74% W-26% Re  
Present  Work 
R e f  8 
Ref  9 
Present  Work 
Ref  10 
Ref  11 
Ref 12 
Present  Work 
Ref  9 
Ref 13 
Present  Work 
Ref  14  
Present  Work 
Ref  15 
Present  Work 
Present  Work 
Wire 
Ribbon 
Wire 
Wire 
Wire 
Wire 
Ribbon 
Wire 
Wire 
Ribbon 
Wire 
Wire 
Wire 
Wire 
Wire 
Wire 
4.22 * 0 . 1 1  
5.40 
5.3 
4.78 * 0.13 
4.72 
4.74 
5.09 
4.89 * 0.13 
4.9 
4.8 
4.12 * 0.11 
4.19 
4 . 7 1  * 0.13 
4.52 
4.34 * 0.12 
4.52 * 0.12 
94 
170 
100 
4 7* 
17 
720 
760 
41  
100 
33 
3 5* 
55 
148 
72 
3 60 
65 
*The va lue  reported i n  EOS Report 4761-ML-2 was a typographica l  e r r o r .  
$Recomputed value supersedes t h a t  r e p o r t e d  i n  EOS Report 4761-ML-2. 
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FIG. 2 ELECTRON EMISSION FROM A TANTALUM SAMPLE 
? 
These e l e c t r o n  emission measurements were taken  p r i o r  t o  t h e  
admission of cesium i n t o  t h e  vacuum system. Before t a k i n g  t h e  d a t a  t h e  
f i laments  were aged f o r  a p e r i o d  of 1 t o  5 hours  a t  a maximum tempera- 
t u r e  t h a t  did not  r e s u l t  i n  permanent e l o n g a t i o n  o f  t h e  wires .  The 
r e s i s t a n c e  and e l e c t r o n  emission were monitored dur ing  ag ing  t o  de- 
termine when a s t a b l e  c o n d i t i o n  had been reached.  
Equation 1 i s  v a l i d  only  under emission-  l i m i t e d  c o n d i t i o n s  ; 
consequent ly ,  t h e  f i lament  w a s  b iased  500 vol t s  n e g a t i v e  wi th  r e s p e c t  
t o  t h e  c o l l e c t o r  f o r  t h e  e l e c t r o n  emission d a t a .  The cur ren t -vol tage  
c h a r a c t e r i s t i c  was f l a t  a t  t h i s  v o l t a g e  f o r  a l l  c u r r e n t s  encountered.  
The work f u n c t i o n  e r r o r  shown i n  Table  1 i s  a s y s t e m a t i c  
e r r o r ,  r e f l e c t i n g  t h e  i n a c c u r a c i e s  of t h e  ins t ruments  and t h e  uncer- 
t a i n t i e s  i n  the  e m i s s i v i t y  c a l i b r a t i o n  as d i s c u s s e d  i n  Appendix D .  
A l l  our  results have been obtained by f i t t i n g  t h e  p o i n t s  t o  a s t r a i g h t  
l i n e  using the method of l e a s t  squares .  I n  every case i n  which t h e  
random e r r o r  w a s  computed, i t  was found t o  be  less than  t h e  s y s t e m a t i c  
e r r o r .  For example, t h e  random e r r o r  f o r  t h e  rhenium specimen w a s  
@** = * 0.04 e V  as compared wi th  t h e  above sys temat ic  e r r o r  ACP ** = ** 
' i  0.10 e V .  The sys temat ic  e r r o r  i n  A is  es t imated  t o  be on t h e  ** 
order  of A i t s e l f ,  hence i s  not  l i s t e d  i n  Table 1. 
Generally we found t h e  random error f o r  a given f i l a m e n t  t o  
be s m a l l ,  yet another  f i lament  made from t h e  same l o t  o f  w i r e  and 
aged u n t i l  s t a b l e ,  though of  course i n  no t  e x a c t l y  t h e  same way, might 
g i v e  d i f f e r e n t  r e s u l t s  For example, a n o t h e r  rhenium f i lament  y i e l d e d  
5.15 e V  and 760 amps/cm -deg2.2 
w a s  no t  a s  s t r i k i n g .  Three o t h e r  tungs ten  f i l a m e n t s  y i e l d e d  4.72 e V  
and 6 6  amps/cm -deg , 4.57 e V  and 52 amps/cm -deg2, and 4.69 e V  and 
100 amps/cm -deg 
2 
I n  t h e  c a s e  of  tungs ten  t h e  d i f f e r e n c e  
2 22 2 
i n  t h e  p r e s e n t  program. 
2 2  
The corresponding e f f e c t i v e  work f u n c t i o n  va lues  of  t h e  
Richardson work f u n c t i o n  va lues  r e p o r t e d  i n  Table  1 a r e  c a l c u l a t e d  by 
Eq. 2 t o  be  those o f  Table  2 ,  i n  a n t i c i p a t i o n  of  t h e i r  need i n  S e c t i o n  
3 . 6 .  
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' 1  
TABLE 2 
EFFECTIVE WORK FUNCTION AT 1OOOOK 
e c 
Materia 1 ( eV)  
I r i d ium 4.24 
Rhenium 4.86 
Rhodium 4.98 
Tantalum 4.23 
Tungsten 4.69 
10% W-90% Ta 4.25 
74% W-26% Re 4.57 
3 . 2  C r i t i c a l  Temperature 
The temperature  a t  which t h e  ion  emission decreases  r a p i d l y  
from an  emiss ion- l imi ted  p la teau  as t h e  sample temperature  i s  lowered 
i s  c a l l e d  t h e  lower c r i t i c a l  temperature ,  whi le  t h e  temperature  a t  
which ion  emission inc reases  rap id ly  t o  t h e  emiss ion- l imi ted  p l a t e a u  
as t h e  sample t e n p e r a t u r e  i s  ra i sed  i s  c a l l e d  the  upper c r i t i c a l  t e m -  
p e r a t u r e .  Experiments having cesium vapor i n  thermal  equ i l ib r ium wi th  
t h e  chamber w a l l s  have a t r a n s i t i o n  from t h e  nonemission t o  t h e  e m i s -  
s i o n  s ta te  t h a t  i s  n e a r l y  discontinuous:6 I n  t h e  p r e s e n t  experiment 
where t h e  coverage i s  not  necessa r i ly  uniform t h e  t r a n s i t i o n  i s  more 
g radua l .  A t y p i c a l  ca se  i s  shown i n  F ig .  3 .  Consequently we spec i -  
f i e d  i n  ou r  a n a l y s i s ,  t h e  lower c r i t i c a l  temperature  t o  be t h a t  t e m -  
p e r a t u r e  a t  which the  ion  cur ren t  has  dropped t o  90 pe rcen t  of  i t s  
p l a t e a u  va lue  and t h e  upper cr i t ical  temperature  t o  be t h a t  tempera- 
t u r e  a t  which t h e  ion  c u r r e n t  h a s  reached 10 pe rcen t  of i t s  p l a t e a u  
va lue .  However, we w e r e  unable t o  a s s i g n  separate va lues  f o r  upper 
and lower c r i t i c a l  temperatures  because o f  t h e  s c a t t e r  i n  t h e  data; 
consequent ly ,  Table 3 r e p o r t s  only one approximate c r i t i c a l  tempera- 
t u r e  f o r  each sample .  
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TABLE 3 
CESIUM CRITICAL TEMPERATURES 
Material Atom Flux Pa Cri t ical  Temperature 
( K) 0 (at oms /cm2 - s ec) 
I r id ium 10 lo- 10 l3 660 f 30 
Rhenium lo8 - l o l l  800 * 100 
Rhodium 10 l1-10l2 740 * 30 
Tantalum lo8 - l o l l  850 * 30 
Tungsten lo9 800 f 60 
810 * 50 
74% W-26% Re lo9 810 f 40 
11 10% W-90% Ta lo9 -10 
The u n c e r t a i n t y  in  the c r i t i c a l  temperature  is  the  average  
d e v i a t i o n  of a number of p o i n t s  f r o n  t h e i r  nean.  
P ( the  inc iden t  cesium atom flux) g iven  i n  Table  3 ,  t h e  s c a t t e r  was  
such t h a t  we were unable  t o  eva lua te  a dependence of c r i t i ca l  tempera- 
t u r e  on P . 
Within each range of  
a 
a 
It w a s  found t h a t  the  lower c r i t i c a l  temperature  w a s  repro-  
duc ib l e  w i t h i n  t h e  scatter o f  the d a t a ,  independent o f  t h e  rate o f  
temperature  decrease  f o r  slow r a t e s .  However, t h e  upper c r i t i c a l  
temperature  was  found t o  be dependent on t h e  rate of temperature  in -  
crease, even though t h e  rate was q u i t e  slow. Furthermore,  t h e  upper 
c r i t i ca l  temperature  could be made t o  approach t h e  l o w e r  c r i t i c a l  t e m -  
p e r a t u r e  by inc reas ing  t h e  temperature very  s lowly ,  o f  t h e  o r d e r  of 
3 deg/min. S ince  no f u r t h e r  i n v e s t i g a t i o n s  were made of  t h i s  time 
dependence, t h e  upper c r i t i c a l  temperature  t h a t  c o n t r i b u t e d  t o  t h e  
va lues  of Table 3 were obta ined  i n  t h e  last manner. 
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3 . 3  I o n  Desorption Time and Energy 
When cesium atoms s t r i k e  a hot me ta l  s u r f a c e ,  they  do not  
reevapora te  immediately, b u t  spend a f i n i t e  t ime on t h e  s u r f a c e  be fo re  
coming o f f  as  cesium ions .  A s  a consequence of  t h i s ,  when a square  
pu l se  of  cesium atoms i s  d i r e c t e d  t o  a ho t  m e t a l  s u r f a c e ,  t h e  r e s u l t -  
ing ion s igna l  r i s e s  and then  decays e x p o n e n t i a l l y .  For high work 
func t ion  s u r f a c e s ,  t he  time cons tan t  of t he  r i s e  o r  decay i s  t h e  ion  
deso rp t ion  time 7 . This  phenomena a f f e c t s  c o n t a c t  i on  engine e f f i -  
c iency f o r  i t  i s  r e l a t e d  d i r e c t l y  t o  t h e  energy r equ i r ed  t o  desorb 
ions  from a su r face .  The n a t u r e  of t h i s  r e l a t i o n s h i p  i s  d i scussed  i n  
Sec t ion  3 . 3 . 3 .  
P 
Q u a n t i t a t i v e l y  t h e  s o r p t i o n  p rocess  can be descr ibed  i n  terms 
of a change i n  t h e  s u r f a c e  coverage CJ being equa l  t o  an  incoming f l u x  
P less the  outgoing f l u x  V of atoms and ion.sl6,  i . e . ,  
The s u b s c r i p t  a and p denote  atoms and i o n s ,  r e s p e c t i v e l y .  Equat ion 3 
i s  a very genera l  formula t ion  f o r  t h e  r a t e  of  change of t h e  coverage 0 ,  
which i s  expressed i n  atoms pe r  u n i t  s u r f a c e  a r e a .  I n  t h i s  experiment 
t h e  f l u x  of  ions onto  t h e  wire  i s  n e g l i g i b l e ,  hence p w i l l  always be 
zero .  
V and V a r e  approximately 
2 P 
Furthermore when t h e  coverage i s  l e s s  t han  10l2 atoms/cm , 
a P 
( 4 ,  5) 
where Ta and 7 
coverage might vary  with p o s i t i o n ,  coverage,  r i g o r o u s l y ,  should be 
regarded as averaged. Thus, t o  so lve  Eq. 3 one only  needs t o  know 
t he  behavior  i n  t ime of t h e  i nc iden t  atom f l u x  (P ) .  
t he  r e s u l t s  by s t a t i n g  t h a t  t he  coverage 0 and ,  t h e r e f o r e ,  t h e  measured 
are independent of 0 .  Since  i n  a beam experiment t h e  
P 
We a n t i c i p a t e  a 
47 6 1 -F ina l  12 
. I  
I 
I 
I 
I 
i 
I 
I 
I 
1 
I 
I 
I 
I 
1 
I 
1 
I 
ion c u r r e n t  w i l l  have an exponent ia l  t i m e  dependence whose charac te r -  
i s t i c  t i m e  cons tan t  T i s  t h e  :'pn desorp t ion  t i m e .  The a n a l y s i s ,  which 
fo l lows  a t rea tment  by Worden Esing d i f f e r e n t i a l  e q u a t i o n s ,  w i l l  be  
carr ied through f o r  two d i f f e r e n t  methods of vary ing  pa t o  o b t a i n  T . 
P x7 
P 
3 . 3 . 1  Desorpt ion Time by Modulated Beam Method 
When ac tua ted  by a magnetic c o i l ,  a s h u t t e r  pos i t ioned  
between t h e  f i l a m e n t s  and t h e  atomic cesium oven a l lows  a n e a r l y  
square pulse  of cesium atoms t o  s t r i k e  t h e  f i laments .6  
a n a l y s i s ,  i t  i s  shown t h a t  t h e  r e s u l t i n g  ion  s i g n a l  from t h e  f i l a m e n t  
i s  a r i s i n g  exponent ia l  followed by a decaying exponent ia l  whose 
c h a r a c t e r i s t i c  t i m e  i s  c a l l e d  the i o n  desorp t ion  t i m e  T (Fig.  4 ) .  
represent  t h e  i n c i d e n t  atomic f l u x  due t o  
I n  t h e  fol lowing 
P b 
Let  ua 
background cesium and us a 
oven; then  E q .  3 with  t h e  s h u t t e r  open becomes 
be t h e  i n c i d e n t  atomic f l u x  due t o  t h e  cesium 
a 1  b 
- + - - 0  = p  
d t  -T 
When t h e  s h u t t e r  i s  c l o s e d ,  E q .  3 i s  
do 1 b - + - - O = p  . 
d t  7 a 
W e  have w r i t t e n  
The corresponding s o l u t i o n s  a re  
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where tB i s  the  t i m e  base of the square pulse  of cesium atoms from 
the  oven measured from the  t i m e  a t  which t h e  s h u t t e r  was opened 
( t  = 0). 
Langmuir equa t ion la  
The ion  and atom f l u x e s  a r e  r e l a t e d  by t h e  Saha- 
where ‘9 i s  the  work func t ion ,  T i s  t h e  temperature of the  s u r f a c e ,  
Vi i s  the i o n i z a t i o n  p o t e n t i a l  of the  adsorbed atoms, and w a  and w 
a r e  the  s t a t i s t i c a l  weights  of t he  atom and i o n ,  r e s p e c t i v e l y .  
When -9 > Vi i n  Eq. 11, as f o r  cesium on tungs ten ,  v 
<< T ~ ,  we may set T equa l  t o  T 
10. The e r r o r  i n  doing s o  i s  less than the  experimental  e r r o r  
i n  measuring T . 
P 
>> V o r  T 
i n  t he  exponent ia l  of  Eqs. 9 and 
P a’ P 
P 
The observed c o l l e c t o r  c u r r e n t  I i s  r e l a t e d  t o  P 
t h e  coverage 0 by 
I = e u A = e & / ~  - 
P P P ’  
hence,  dur ing  the  t i m e  t h e  s h u t t e r  i s  open, 
and dur ing  the  t i m e  the  s h u t t e r  i s  c losed  
4761 -Fina 1 15 
b 
I i s  the ion c u r r e n t  from the  sample due t o  t h e  background cesium 
and I i s  the s teady  i o n  c u r r e n t  from the  sample due t o  t h e  oven.  
To w r i t e  t he  c u r r e n t s  i n  t h i s  form w e  made use of  $ = and then  
P S  
P 
' P  
'3 = @ P a .  
P b 
P 
The background cesium I i s  seen t o  c o n t r i b u t e  t o  
the  t o t a l  ion s i g n a l  by a c o n s t a n t  amount a s  one might e x p e c t .  The 
ion s i g n a l  due t o  t h e  oven i s  seen t o  have an e x p o n e n t i a l  behavior  
whose t i m e  constant  7 i s  the  d e s i r e d  ion  d e s o r p t i o n  t i m e  a t  a 
given sur face  temperature .  
background c o n t r i b u t i o n  Ib i s  comparable t o  t h e  oven c o n t r i b u t i o n  I 
because of f l u c t u a t i o n s  i n  I . When t h i s  i s  t h e  c a s e ,  b e t t e r  r e s u l t s  
a r e  obtained u s i n g  the a l t e r n a t i n g  f i e l d  technique which y i e l d s  n o t  
only 7 
P 
Accuracy i n  t h e  de te rmina t ion  of  7 s u f f e r s  when t h e  
S P 
' b  P 
P 
b u t  a l s o  p . 
P 
3 . 3 . 2  Desorpt ion  T i m e  by A l t e r n a t i n g  F i e l d  Method 
No s h u t t e r  i s  used: i n s t e a d ,  i n  t h i s  method, t h e  t r a n -  
s i e n t  phenomenon i s  obta ined  by a l t e r n a t i n g  t h e  p o l a r i t y  between t h e  
c o l l e c t o r  and t h e  sample s u r f a c e .  4 ' 5  When t h e  c o l l e c t o r  i s  p o s i t i v e  w i t h  
r e s p e c t  t o  the sample, no p o s i t i v e  i o n s  can l e a v e  t h e  sample and t h e  
coverage i s  h igher  than  i f  t h e  p o l a r i t y  w e r e  reversed .  When t h e  p o l a r i t y  
i s  reversed p o s i t i v e  i o n s  can leave t h e  f i l a m e n t  s u r f a c e ;  t h e r e f o r e ,  
u immediately r ises t o  a value corresponding t o  t h e  coverage u j u s t  
before  t h e  p o l a r i t y  was r e v e r s e d .  However, because i o n s  now a r e  
be ing  desorbed, t h e  coverage u d e c r e a s e s .  F i g .  5 shows t h i s  behavior  
i n  terms of c o l l e c t o r  c u r r e n t  s i g n a l .  I t  i s  n o t  necessary  t h a t  t h e  
coverage reach a s teady  s t a t e  va lue  b e f o r e  swi tch ing  the  f i e l d  t o  
determine 7 . 
P 
P 
The coverage d u r i n g  t h e  i o n  c o l l e c t i n g  p a r t  of t h e  
c y c l e  i s  described by 
a 1  - + - - a  = p  a t  7 a ,  
4 7 6 1 -F i n a  1 16  
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while d u r i n g  t h e  ion r e p e l l i n g  p o r t i o n  the  coverage i s  
d o  1 - + -  u = p  d t  T~ a 
where a s  before  i s  def ined  by E q .  8. One does n o t  need t o  d i s -  
c r imina te  here between atomic cesium background and i n c i d e n t  atomic 
cesium f l u x e s .  The r e s p e c t i v e  s o l u t i o n s  a r e  
- t / t B  
a = p - r +  Y 
a 
P 
0 s t r t g  
and 
a ( O )  i s  t h e  coverage a t  t h e  t i m e  a t  which t h e  f i e l d  i s  switched t o  i o n  
c o l l e c t i n g  and o(B) i s  t h e  coverage a t  t h e  t i m e  tB a t  which the  f i e l d  
i s  switched back t o  i o n  r e p e l l i n g .  If tB i s  long enough t o  e s t a b l i s h  
a s teady  s t a t e  coverage, then  by approximating T by T' f o r  t h e  same 
P 
us ing  E q .  12 a g a i n ,  t h e  ob- reasons l i s t e d  i n  S e c t i o n  3.3.1, and 
c u r r e n t  i s  served c o l l e c t o r  
Thus, when the f e l d  i s  switched t o  on c o l l e c t i n g ,  t h e  ion  s i g n a l  
r i ses  almost ins tan taneous ly  and then decays e x p o n e n t i a l l y  t o  a 
s teady  s t a t e  c u r r e n t  I (a) with  a c h a r a c t e r i s t i c  t i m e  T when d i s -  
played on an o s c i l l o s c o p e .  
P P 
3 . 3 . 3  I o n  Desorpt ion Energ ies  
Having obtained t h e  i o n  d e s o r p t i o n  time T a s  a func-  
P 
t i o n  of temperature ,  one can then e v a l u a t e  the  ion desorp t ion  energy 
which an ion  must acqui re  before  i t  can  escape from t h e  m e t a l  
Q P  
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s u r f a c e .  According t o  r eac t ion  r a t e  theory  the  deso rp t ion  t i m e  T i s  
descr ibed  by 
P 
7 = T  e 
P PO 
where 7 i s  a c o n s t a n t ,  independent of the  temperature T .  Thus a p l o t  
of loglo T~ ver sus  10 /T would r e s u l t  i n  a s t r a i g h t  l i n e  whose s lope  
t i m e s  1.9814 i s  Q and whose i n t e r c e p t  i s  the  logari thm of T . This  
i s  indeed the  case  a s  F i g s .  6 and 7 i l l u s t r a t e .  The p o i n t s  began t o  
d e v i a t e  from the s t r a i g h t  l i n e  absc i s sa  va lues  below 1000 K a s  t he  
ion  desorp t ion  time becomes comparable t o  t h e  e l e c t r o n i c  c i r c u i t  t i m e  
c o n s t a n t ,  which i s  between 0.4 and 0.9 m i l l i s e c ,  depending on the  
f i l amen t  used. 
4 PO 
P PO 
0 
3 . 3 . 4  Resu l t s  
The ma jo r i ty  of t h e  ion  deso rp t ion  t i m e s  was obta ined  
by the  A l t e r n a t i n g  F i e l d  Method; however, some d a t a  were obta ined  by 
t he  Modulated Beam Method. 
F i e l d  Method was t o  accumulate f o r  a t i m e  s u f f i c i e n t  t o  reach a 
s t eady  s t a t e  coverage before  revers ing  the  f i e l d  t o  o b t a i n  the  I 
s i g n a l .  Ion  deso rp t ion  t i m e s  f o r  i r i d ium,  rhodium, tungs ten  and 
10 percent W-90 percent  Ta were obta ined  i n  t h i s  manner, except  f o r  
t he  top  two c i r c l e d  p o i n t s  of the l a s t  a l l o y  (Fig.  8) where the f i l a -  
ment had t o  be f l a shed  t o  1600 K be fo re  accumulat ing,  i n  order  t o  
o b t a i n  exponen t i a l  decay curves .  
t he  Modulated Beam Method yielded r e s u l t s  which were c o n s i s t e n t  w i th  
the  A l t e r n a t i n g  F i e l d  Method. 
The procedure i n  us ing  the  A l t e r n a t i n g  
0 
0 
Ion  deso rp t ion  t i m e s  ob ta ined  by 
When t h e  Al t e rna t ing  F i e l d  Method was app l i ed  t o  the  
74 percent  W-26 percent  Re sample, nonexponent ia l  decay curves  w e r e  
observed un le s s  the  f i l amen t  was f i r s t  f l a shed  t o  1800 K be fo re  
accumulat ing.  I n  a t tempt ing  t o  e v a l u a t e  the  accumulation t i m e  re- 
qui red  f o r  a s teady  s t a t e  coverage t o  be reached,  w e  found t h a t  t he  
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I s i g n a l  a t  f i r s t  i n c r e a s e s  with accumulation t ime and then  l e v e l s  
out ,  t h e  ion desorpt ion t i m e  remaining c o n s t a n t .  However, a t  longer  
accumulations t i m e s  t h e  I s i g n a l  begins  t o  decrease and t h e  ion  de- 
s o r p t i o n  time begins t o  inc rease .  It was a s  i f  one were see ing  a con- 
taminat ion l aye r  wi th  a long desorption t i m e  bu i ld ing  up on t h e  s u r f a c e .  
As poin ted  out  i n  Sect ion 3.3.2,  i t  i s  not necessary t o  reach  a s t e a d y  
cesium coverage i n  t h e  ion  r e p e l l i n g  mode f o r  desorp t ion  t i m e  measure- 
ments.  Consequently, t h e  accumulation t i m e  f o r  t h i s  a l l o y  was f i x e d  a s  
2 minutes  which i s  s h o r t  compared t o  t h e  t i m e ,  15 minutes,  when t h e  
contamination e f f e c t  began t o  becane important .  
0 
0 
A f t e r  observing t h i s  decrease i n  I w i t h  long accumu- 
0 
l a t i o n  t i m e s ,  w e  examined tungsten and t h e  10 percent  W-90 percent  Ta 
a l l o y  f o r  t h i s  behavior .  They e x h i b i t e d  s i m i l a r  e f f e c t s  though no t  a s  
pronounced a s  t h e  74 percent W-26 percent  R e  a l l o y .  We d id  no t  have 
an oppor tuni ty  t o  check t h e  i r i d i u m  and rhodium ion  desorpt ion d a t a ;  
however, w e  b e l i e v e  t h e  l a r g e  s c a t t e r  encountered f o r  i r id ium i s  due 
t o  a s t rong  contamination e f f e c t  of t h i s  t ype .  The rhodium da ta  d i d  
e x h i b i t  devia t ions  from t h e  expected exponent ia l  decay. 
Resul t s  f o r  the i o n  desorp t ion  times a r e  summarized 
i n  Table  4 a s  t h e  i o n  desorpt ion energy Q and t h e  preexponent ia l  
T occurr ing i n  Eq. 20. No values  of Q and T a r e  quoted f o r  i r i d -  
i u m  because of t he  prev ious ly  mentioned s c a t t e r .  
t i o n  time was about 0.02 sec a t  850°K. 
P 
P O  P P O  
I r id ium ion desorp- 
TABLE 4 
CESIUM I O N  DESORPTION ENERGIES AND TIMES 
T 
PO 
(sec ) 
QP 
Mater ia l  Reference (ev) 
I r id ium Present  Work See t e x t  
Rhodium Present  Work 3.25 f O . l l  1.1 1 0 - l ~  
T ung s t e n  Present  Work 2 . 7 9  f0 .09 3.3 1 0 - l ~  
Ref.  19 3.60 4 .0  1 0 - l ~  
Ref.  20 2.04 1.1 x 10-l2 
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Table 4 ( con td )  
7 
P O  
( s e c )  
Ma te r i a  1 R e  f e renc  e QP 
(ev )  
10% W-90% Ta Present  Work 3.24 f .ll 1 . 9 ~ 1 0 - l ~  
-13 74% W-26% R e  P r e s e n t  Work 2.21 f .08 1 . 3 ~ 1 0  
The u n c e r t a i n t y  i n  Q w a s  computed as a s y s t e m a t i c  P 
e r r o r  i n  accordance wi th  Appendix D. The method f a i l s  f o r  T because 
of t h e  l a r g e  e r r o r  which w e  estimate t o  be approximately '10 t i m e s  t h e  
a p p r o p r i a t e  exponent ia l ,  hence i n d i v i d u a l  u n c e r t a i n t i e s  f o r  T are n o t  
given. The number of p o i n t s  w a s  n o t  s u f f i c i e n t  t o  make a meaningful 
s tandard  devia t ion  computation. 
PO 
PO 
3.4 A t o m  Desorption T i m e  and Energy 
The accumulation t i m e  r e q u i r e d  t o  reach a s t e a d y  s t a t e  cover- 
age i s  a measure of  t h e  atom desorp t ion  t i m e  T . Because of  t h e  con- 
tamina t ion  e f f e c t  descr ibed  i n  t h e  prev ious  s e c t i o n ,  t h i s  approach w a s  
n o t  successfu l  i n  o b t a i n i n g  r e l i a b l e  atom d e s o r p t i o n  t i m e s  t h a t  could 
be used t o  compute an atom desorp t ion  energy according t o  
a 
~e +Qa/kT T =  a ao s 
which is  of the same form as Eq. 20 and which i s  der ived  i n  t h e  same 
way, Table 5 below shows t h a t  t h e  atom d e s o r p t i o n  t i m e  is  s e v e r a l  t o  
many o r d e r s  of magnitude l a r g e r  than t h e  i o n  desorp t ion  t i m e .  
TABLE 5 
CESIUM DESORPTION TIMES AT l , O O O ° K  
T T a 
measured from T B 
P 
measured 
P' Material (sec)  ( s e c )  (set) 
I r i d  ium 0.002 - 0.06 
Rho d i um 0.0027 - 0.73 
Tungsten 
10% W-90% Ta 
74% W-26% R e  
I 
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0.0040 72 40 
0.040 150 130 
0.017 60-168 57 
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Measured va lues  r e f e r  t o  those obta ined  d i r e c t l y  by e i t h e r  t h e  Modulated 
B e a m  o r  the  A l t e r n a t i n g  F i e l d  Method. The l a s t  column of Table  5 is  atom 
deso rp t ion  t i m e  obtained from the  ion  deso rp t ion  t i m e  and t h e  i o n i z a t i o n  
e f f i c i e n c y  by 
which comes from Eqs. 4 and 5 and from t h e  d e f i n i t i o n  of 8. Measured 
va lues  (Subsect ion 3 . 5 )  were used f o r  B .  Table 5 a l s o  shows t h a t  t h e  
two va lues  of T a 
material  wi th in  a f a c t o r  of two. 
ob ta ined  by d i f f e r e n t  methods ag ree  f o r  a given 
We use t h e  conservat ion of energy equat ion  
t o  eva lua te  Q a .  
t he  va lues  of Table 4 a r e  used f o r  Q 
i o n i z a t i o n  p o t e n t i a l  f o r  cesium21, we have the  Qa o f  Table  6 .  
I f  13 i s  the  e f f e c t i v e  work func t ion  of  Table  2 and 
then ,  us ing  3 . 8 9 3  e V  a s  t he  
P’ 
TABLE 6 
CESIUM ATOM DESORPTION ENERGY 
Qa 
(ev) 
Mater ia  1 Reference 
Rhodium Present  Work 4 . 3  
Tungs t e n  Present  Work 3 . 6  
1 0 ~ - 9 0 %  Ta Present  Work 3 . 6  
7 4 m - 2 6 %  R e  Present  Work 2 . 9  
Ref. 16 2 . 8 3  
3 . 5  I o n i z a t i o n  E f f i c i e n c y  
The i o n i z a t i o n  e f f i c i e n c y  $ i s  de f ined  as t he  r a t i o  of t h e  
number of ions  from an ion iz ing  s u r f a c e  t o  the  number of atoms sup- 
p l i e d ,  i . e . ,  
U 
$ = A  
’a 
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There a r e  seve ra l  ways t o  measure @ f o r  a m a t e r i a l .  S imples t  i n  
p r i n c i p l e  i s  t o  d i r e c t  two i d e n t i c a l  beams, one of which goes t o  
t h e  sample w i r e ,  t h e  o t h e r  t o  a wire  of known 100 p e r c e n t  e f f i c i e n c y .  
The two r e s u l t i n g  ion c u r r e n t s  a r e  c o l l e c t e d ,  measured, and t h e i r  
r a t i o  taken to o b t a i n  p .  T h i s  method works w e l l  when the  i n c i d e n t  
beams a r e  indeed i d e n t i c a l ,  b u t  more impor tan t ,  when the  cesium 
background f lux  t o  t h e  w i r e  i s  a l s o  n e g l i g i b l e  compared t o  the beam 
f l u x .  Since t h i s  was seldom t h e  c a s e ,  another  method was used t o  ob- 
t a i n  most of t h e  p v a l u e s .  
I n  t h e  a l t e r n a t i n g  f i e l d  method d i s c u s s e d  e a r l i e r ,  i f  one 
a l lows  t h e  coverage t o  reach a s teady  s t a t e  v a l u e  b e f o r e  changing t h e  
p o l a r i t y ,  one h a s  a way of measuring p .  
s teady  s t a t e  coverage i n  t h e  i o n  r e p e l l i n g  mode up t o  t i m e  t = 0 .  
Le t  t he  f i e l d  p o l a r i t y  be changed t o  t h e  i o n  c o l l e c t i n g  mode a t  t = 0,' 
then  the coverage O ( t )  w i l l  decrease t o  a new s t e a d y  s ta te  va lue ,  which 
w e  c a l l  a,. 
f i lament  a s  n e u t r a l s ,  hence t h e  atom f l u x  ' o f f '  e q u a l s  t he  atom f l u x  
'on'  o r  
Suppose a. r e p r e s e n t s  t h e  
I n  t h e  i o n  r e p e l l i n g  mode p a r t i c l e s  can only  leave t h e  
(25) 
For  the  i o n  c o l l e c t i n g  mode both atoms and ions  can  leave t h e  f i l a -  
ment s u r f a c e  s o  t h a t  atom f l u x  ' on '  e q u a l s  atom and i o n  f l u x  ' o f f '  
o r  
) 
e 
a 7  7 
p a = a  ( "  + -  
PO ao 
E l i m i n a t i n g p a  between Eqs. 25  and 26 r e s u l t s  i n  
4 7 6 1-Final 
a 0 7 ao -(Qp -Qa)/m 
e - -  - l + -  
0 7 
L P O  m 
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Then us ing  Eqs. 20, 21 ,  and 
w e  have t h a t  
Consequently $,  wi th  t h e  a i d  of Eqs. 11 and 29 ,  becomes 
Then us ing  Eq. 1 2  the  expression f o r  t h e  i o n i z a t i o n  e f f i c i e n c y  is 
expressed i n  the  u s e f u l  form 
Io - I 
W 
$ =  I 
0 
(31) 
Thus t o  measure $ t he  coverage i s  allowed t o  reach s t eady  s t a t e  w i th  
the  c o l l e c t o r  i n  the  p o s i t i v e  mode. The c o l l e c t o r  p o l a r i t y  i s  
switched t o  nega t ive  and the  peak amplitude I i s  noted on an os- 
c i l l o s c o p e  o r  f a s t  r eco rde r .  I, i s  the  r e s u l t i n g  s t eady  s t a t e  c u r -  
r e n t  i n  the  nega t ive  c o l l e c t o r  mode. The i o n i z a t i o n  e f f i c i e n c y  f o r  
i r i d ium and rhodium had the  m o s t  pronounced temperature  dependence 
of a l l  t h e  samples,  hence a r e  presented  i n  F i g .  6 and 7 r e s p e c t i v e l y  
The o t h e r  samples had e f f i c i e n c i e s  t h a t  w e r e  n e a r l y  c o n s t a n t .  
0 
Table 7 l i s t s  the  values of $ obta ined  by d i r e c t  measure- 
ment and two i n d i r e c t  methods of independent c a l c u l a t i o n .  The 
measured va lues  f o r  tantalum and rhenium were obta ined  by d i v i d i n g  
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t h e i r  I -y t h a t  from t h e  tungsten w i r e ,  before  the  background 
cesium f l u x  became an apprec iab le  f r a c t i o n  of t h e  beam f l u x .  Values 
f o r  i r i d ium,  rhodium, tungs ten ,  and the  two a l l o y s  were obtained by 
the  a l t e r n a t i n g  f i e l d  method, i n  which t h e  level of t he  background 
f l u x  i s  immater ia l .  
P 
The f i r s t  method of computation uses  the  deso rp t ion  times 
of Tables  4 and 5 i n  the equation 
which fol lows from t h e  d e f i n i t i o n  of $ and Eqs. 4 and 5. The 
second method makes use of t he  r e l a t i o n  
t h a t  r e s u l t s  from t h e  d e f i n i t i o n  of  $ and t h e  Saha-Langmuir equat ion  
(Eq. 11) f o r  cesium. Vi i s  the i o n i z a t i o n  p o t e n t i a l ,  aga in  3.893eV, 
and ;p i s  the work f u n c t i o n .  The va lue  of  $ i n  Table 7 is c a l c u l a t e d  
f o r  both Richardson and e f f e c t i v e  work f u n c t i o n s ,  Tables  1 and 2 
r e s p e c t i v e l y .  
TABLE 7 
CESIUM IONIZATION EFFICIENCY FOR VARIOUS 
REFRACTORY MATERIALS AT 1000°K 
M a t e r i a l  Reference Measured Computed Computed Computed 
us ing  T a s T  u s i n g  p* us ing  cp 
( 73 (%) (%) e 
I r i d i u m  P r e s e n t  Work 97*2 
Rhenium Presen t  Work 102i2 
Rhodium P r e s e n t  Work 9 9 . 6 3 . 1 0  
Tantalum Presen t  Work 87*2 
Tungsten P r e s e n t  Work 99 -9% . lo  99.995 
10%W-90%Ta Presen t  Work 99.97k .10 99.973 
74%W-267&e Presen t  Work 99.97* .10 99.972-99 
Ref. 3 100 
4761-Fical 29 
96 97 
100 100 
100 100 
87 96 
100 100 
99 100 
,990 100 100 
The e r r o r  f o r  t he  measured 6 i n  the case  of rhodium, tungsten and 
the  a l loys  i s  a sys temat ic  e r r o r ,  whose e v a l u a t i o n  can be found i n  
Appendix D. In t h i s  i n s t a n c e  t h e  s y s t e m a t i c  e r r o r  i s  0.10 p e r c e n t  
versus a 0.05 percent  random e r r o r .  For i r r i d i u m  t h e  random e r r o r  
w a s  much l a r g e r ,  hence t h i s  is t h e  e r r o r  r e p o r t e d .  The l a r g e r  
random e r r o r  f o r  i r i d i u m  is  be l ieved  t o  be  one consequence of  t h e  
contamination e f f e c t  mentioned i n  Subsec t ion  3 . 3 . 4 .  I n c i d e n t a l l y ,  
our  measured 6 of 97 percent  f o r  i r i d i u m  i s  c o n s i s t e n t  wi th  our  
measured work f u n c t i o n ,  4.22 o r  4.24 e V  (Table 1 o r  2 ) ,  and n o t  w i t h  
t h e  l i t e r a t u r e  v a l u e s ,  5 . 4 8  o r  5.3 e V 9 .  
I n  t h e  case  of t h e  tungsten-rhenium sample,  i n c r e a s i n g  t h e  
accumulation t i m e  from 2 minutes t o  t h e  10 minutes  r e q u i r e d  t o  reach  
a steady s t a t e  coverage increased  t h e  p from 99.983 percent  t o  
99.987 percent .  This  d i f f e r e n c e  i s  much less than  t h e  s y s t e m a t i c  
e r r o r ,  0.100 percent .  Since t h e  t i m e  t o  reach a s t e a d y  s t a t e  
coverage i n c r e a s e s  w i t h  decreas ing  tempera ture ,  t h e  e r r o r  due t o  
a nonuniform coverage would i n c r e a s e .  However, t h e  change would 
be s t i l l  much less than t h e  s y s t e m a t i c  e r r o r .  
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4 .  CONCLUSION 
A cesium beam experiment was conducted t o  s tudy adso rp t ion  and 
deso rp t ion  of cesium from the  r e f r a c t o r y  m a t e r i a l s  i r i d ium,  rhenium, 
rhodium, tantalum, tungs ten ,  10 percent  tungsten-90 percent  tantalum, 
and 74 percent  tungsten-26 percent rhenium. For t h e s e  materials, 
e l e c t r o n  work f u n c t i o n s ,  c r i t i c a l  t empera tures ,  i on  and atom adsorp- 
t i o n  l i f e t i m e s ,  i o n  and atom desorp t ion  e n e r g i e s ,  and i o n i z a t i o n  e f -  
f i c i e n c i e s  w e r e  ob ta ined .  The da ta  were taken under cond i t ions  of 
u l t r a h i g h  vacuum, 10 t o r r  and lower. A r e s i d u a l  gas ana lyzer  w a s  
used t o  monitor t h e  background gases and a s s e s s  t h e i r  composition. 
Cr i t ica l  temperatures  by the  beam technique were no t  as w e l l  def ined  
as one might d e s i r e .  However, f u r t h e r  s tudy i s  warranted before  t h e  
technique  i s  r e j e c t e d  f o r  such high coverage phenomena. For l o w  
coverage phenomena, t h e  s u i t a b i l i t y  of t he  beam technique w a s  w e l l  
e s t a b l i s h e d  both  he re  and elsewhere. 
-9 
The r e s u l t s  are summarized i n  t e r m s  of t h r e e  parameters t h a t  w e r e  
eva lua ted .  I n  each case ,  t he  more d e s i r a b l e  materials are given f i r s t .  
The most important  parameters fo r  su r face  i o n i z a t i o n  engines  a r e  c r i t i -  
c a l  temperature  and n e u t r a l  f r a c t i o n .  The study i n d i c a t e d  t h e  order  
of i nc reas ing  c r i t i c a l  temperature t o  b e  
Ir < Rh < R e ,  W < Alloys < Ta 
and t h e  o rde r  of decreas ing  work f u n c t i o n  t o  be  
When- ordered as t o  decreas ing  i o n i z a t i o n  e f f i c i e n c y  B, 
Re > W > Alloys > Rh > Ir > T a  
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I n  dea l ing  with h igh -e f f i c i ency  m a t e r i a l s ,  i t  i s  o f t e n  more convenient  
t o  speak of the n e u t r a l  f r a c t i o n  cy. Since  CY + @ = 1, the  l a s t  i nequa l -  
i t y  i s  a l s o  in the o rde r  of i nc reas ing  n e u t r a l  f r a c t i o n .  
Four conclusions a r e  deduced from the  above i n e q u a l i t i e s :  
1. The work func t ion  obta ined  f o r  our i r i d i u m  sample d i s a g r e e s  
with va lues  obta ined  by o ther  i n v e s t i g a t o r s ;  however, i t  i s  
cons i s t en t  w i t h  the  measured i o n i z a t i o n  e f f i c i e n c y .  
2 .  Rhenium i s  b e t t e r  than  tungs ten  a s  an  i o n i z e r  m a t e r i a l .  
3 .  Rhodium i s  b e t t e r  than tungs ten  a s  an  i o n i z e r  m a t e r i a l .  It 
has a lmer c r i t i c a l  temperature  (740 K )  than rhenium, a 
higher e f f e c t i v e  work func t ion  ( 4 . 9 8  eV), and a h igh  i o n i z a -  
t i o n  e f f i c i e n c y  ( 9 9 . 6 3  p e r c e n t ) .  From i t s  work func t ion  
value and by E q .  3 3 ,  nea r ly  100-percent  e f f i c i e n c y  was ex- 
pected.  However, i n  our opin ion  100-percent e f f i c i e n c y  was 
not ob ta ined ,  because rhodium i s  more s u s c e p t i b l e  t o  gas  
contamination than rhenium or tungs t en .  Cons i s t en t  w i t h  
t h i s  conclusion was t h e  f a c t  t h a t  t h e  curves ,  corresponding 
t o  F i g .  5 ,  dev ia t ed  much more from the  expected exponent ia l  
decay f o r  rhodium than  f o r  rhenium or tungs t en .  
0 
4 .  Whether or  n o t ,  or h m  much, cesium s u r f a c e  i o n i z a t i o n  on 
rhodium i s  s e n s i t i v e  t o  gas contaminat ion i s  a po in t  worth 
pursuing.  This  i s  e s p e c i a l l y  t r u e  i f  one d e s i r e s  t o  make 
use of rhodium's low c r i t i c a l  temperature  f o r  lower power 
requirements than those  f o r  t ungs t en .  Thus, w e  a l s o  recom- 
mend t h a t  t h e  e f f e c t s  of gas contaminat ion on cesium s u r f a c e  
ion iza t ion  b e  cons idered  f o r  f u t u r e  s t u d i e s .  
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APPENDIX A 
VACUUM CONDITIONING PROCEDURE 
The procedure f i n a l l y  adopted a s  be ing  t h e  most s u c c e s s f u l  f o r  
removing unwanted cesium from t h e  vacuum chamber w a s  t o  bake t h e  system 
and l i q u i d  ni t rogen t r a p  t o  150 C overnight  whi le  keeping t h e  d i f f u s i o n  
pump and f o r e l i n e  warm, and t o  pump w i t h  only t h e  mechanical pump 
through t h e  cold f o r e l i n e  t r a p ,  which c o l l e c t s  t h e  cesium f o r  d i s p o s a l .  
The chamber was then  opened t o  change specimens. Ul t rah igh  vacuum w a s  
obtained by baking t h e  l i q u i d  n i t r o g e n  t r a p  and vacuum chamber t o  15OoC 
overn ight  while pumping w i t h  j u s t  t h e  mechanical pump, t h e n  adding 
l i q u i d  n i t rogen  t o  the  t r a p ,  a f t e r  which t h e  d i f f u s i o n  pump w a s  s t a r t e d .  
The vacuum chamber w a s  baked f o r  another  day b e f o r e  i t  w a s  allowed t o  
c o o l  t o  room temperature.  Af te r  s e v e r a l  subsequent days of pumping, 
- 10 t h e  vacuum chamber reached t h e  10 t o r r  r e g i o n .  
0 
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APPENDIX B 
RESIDUAL BACKGROUND GAS DETERMINATION 
Base t o t a l  p re s su re  a t  the  time of e l e c t r o n  emission w a s  about 
Using a General Electr ic  r e s i d u a l  gas  ana lyze r ,  1 x 10’’ t o r r  or less. 
t h e  m a s s  s p e c t r a  of F igs .  B - 1  and B-2 were obta ined .  It i s  evident  
t h a t  t h e  major c o n s t i t u t e n t s  of t h i s  background gas are diatomic hydrogen, 
water, carbon monoxide, o r  diatomic n i t rogen .  A thorough q u a n t i t a t i v e  
a n a l y s i s  r e q u i r e s  a c a l i b r a t i o n  of t h e  mass spectrometer  by in t roduc ing  
known q u a n t i t i e s  of va r ious  known gases  i n t o  t h e  spectrometer  tube .  
This  i s  necessary because most polyatomic gases  fragment under e l e c t r o n  
bombardment, g iv ing  rise t o  a “cracking p a t t e r n ”  f o r  t h a t  p a r t i c u l a r  
gas .  Furthermore,  t h i s  cracking p a t t e r n  i s ,  t o  a c e r t a i n  e x t e n t ,  
dependent upon p res su re  and f i lament  temperature .  
Af t e r  t h e  e l e c t r o n  emission measurements, t h e  ampule supply ing  
cesium t o  t h e  chamber w a s  broken. For t h e  t h r e e  runs  made, t h e  p re s -  
s u r e  surges  on breaking  t h e  ampule v a r i e d  from 10 t o  t o r r  w i th  
i n c r e a s e s  i n  t h e  14 ,  15,  16 ,  and 28 peaks.  From two of t h e s e  t h r e e  
ampules t h e r e  w e r e  a l s o  smaller i n c r e a s e s  i n  t h e  26 t o  30 mass range 
and 37 t o  44 mass range.  For the  o t h e r  ampule, l a r g e  peaks occurred 
a t  20, 39, o r  40 and 44. A l l  the  ampules were vacuum packed by t h e  
Dow Chemical Company and c e r t i f i e d  99.97 percent  pure.  
a f t e r  a per iod  of pumping which v a r i e d  from a day t o  several days,  t h e  
r e s i d u a l  background vacuum re turned  t o  t h e  l o w  10 
mass s p e c t r a  similar t o  F i g s .  B - 1  and B-2 were a g a i n  ob ta ined .  
-8 
Never the less ,  
- 10 
t o r r  range and 
4761-Final 35 
0 
v) cn 
H cn 
2 
4 
I 
p9 
4 7 6 1 -F inal 36 
1 
I 
I 
I .  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
476 1 -Final 
n n 
5,- 
4 
37 
0 
)c 
I 
)c 
b 
t 
t 
3 
r 
? 
Y 
D 
Y 
Y 
c 
R 
D 
c - 
!! 
I 
Y - 
m 
N 
I 
F4 
s 
F 
APPENDIX C 
TEMPERATURE CALIBRATION 
A Pyro Micro-Optical pyrometer was used t o  measure the  f i lament  s u r f a c e  
2 2' 
temperature .  Correc t ing  f o r  l i g h t  abso rp t ion  of t h e  view p o r t  , t h i s  
b r igh tness  temperature w a s  then  r e l a t e d  t o  t h e  d e s i r e d  bu lk  or  t r u e  
temperature of t he  f i l amen t  by t h e  expres s ion  
S = T (1 + 0.0452 x T I n  E ~ ) ,  T < lo4 OK ( C - 1 )  
which i s  t h e  Wien's r a d i a t i o n  l a w  solved f o r  t h e  b r i g h t n e s s  temperature  
S. E i s  t h e  s p e c t r a l  e m i s s i v i t y ,  which, because of t h e  f i l t e r  i n  
the  o p t i c a l  pyrometer, should b e  a t  0.65 micron wavelength.  Table  C-I 
l i s t s  t h e  values  of E a t  0.65 micron wavelength used f o r  va r ious  
h materials, except f o r  tantalum. I n  t h e  case  of tan ta lum only E 
values  a t  0.66 micron wavelength were found i n  t h e  l i t e r a t u r e .  We 
es t ima te ,  however, t h a t  t he  e r r o r  i n  us ing  E 
amounts t o  about 0.01 i n  E 
3,000°K. 
h 
h 
0.65~ i n s t e a d  of E 0.66~ 
or  2 7 O K  d i f f e r e n c e  i n  t h e  temperature  a t  h 
No values  of e m i s s i v i t y  were a v a i l a b l e  f o r  t h e  10 percent  tungsten-  
90 percent  tantalum a l l o y .  Because of t h e  many s imilar i t ies  i n  prop- 
e r t ies  of tantalum t o  tungs t en ,  t h e  tungs ten  c a l i b r a t i o n  curve w a s  
used a s  an estimate f o r  t h i s  a l l o y .  
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TABLE C - I  
BRIGHTNESS VERSUS TRUE TEMPERATURE 
M a t e r i a l  Reference Trug Temp. E 0.65~ Observed Temp* 
K) (OK> 
Ir id ium R e f .  8 1000 0.411 958 
1500 0.389 1394 
2000 0.370 1805 
2500 0.354 2195 
Rhenium R e f .  23 1000 0.432 958 
1500 0.423 1401 
2000 0.414 1825 
2500 0 -405 2223 
3000 0.395 2581 
Rhodium R e f .  24 1000 0.272 939 
1200 0.236 1103 
1400 0.206 1256 
1600 0.182 1393 
1800 0.165 1526 
Tantalum R e f .  25, 26 1000 0.459 963 
(0.6% 1 1500 0.438 1408 
2000 0.419 1828 
2500 0.401 2218 
3000 0.385 257 8 
Tungs ten R e f .  27 1000 0.458 963 
1500 0.448 1411 
2000 0.438 1843 
2500 0.428 2256 
3000 0.418 2648 
3500 0.408 3336 
10 percent  W-90 percent  Ta See text 
74 percent  W-26 percent  Re 1000 0.627 99 0 
R e f .  28 1200 0.617 1170 
1400 0.605 1355 
1600 0.595 1535 
1800 0.587 1720 
2000 0.578 1900 
W o r r e c t e d  for l i g h t  a t t enuat ion  by a p lane  window. 
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APPENDIX D 
ESTIMATE OF SYSTEMATIC ERRORS 
In  order  t o  make a simple e s t ima te  of t h e  sys temat ic  e r r o r s ,  t he  
technique of l i n e a r  a d d i t i o n  of p a r t i a l  d i f f e r e n t i a l s  i s  employed. 
For example, t o  e s t ima te  t h e  sys temat ic  e r r o r  i n  t h e  t r u e  tempera- 
t u r e  T because of i naccurac i e s  i n  the  e m i s s i v i t y  E o r  t h e  pyrometer 
temperature  S ,  cons ider  Wein’s r a d i a t i o n  law 
n 
Solving f o r  T ,  w e  have 
L T =  hS I n  E + C2 1 
Then compute AT/T f o r  v a r i a t i o n s  i n  S and E t o  f i n d  t h a t  h’ 
- CT = - + T - ( ( s ~ ~ E  & h &  + - ) ,  A€ 
h E  c2 T S 
(D-3) 
i n t o  which was s u b s t i t u t e d  C = 14,380 micron degrees and h = 0.65 m i -  
c rons .  The maximum temperature of i n t e r e s t  i s  2 ,100 K and the  Pyro Micro- 
Opt ica l  pyrometer i s  accura t e  t o  1 pe rcen t .  We expect  & / €  t o  have 
been no g rea t e r  t han  10 percent  and i n  most ca ses  less .  The r e s u l t i n g  
@TIT i s  about 2 percent .  
0 
2 
J;* 
The systematic  e r r o r  i n  cp i s  found by t ak ing  p a r t i a l  d i f f e r e n -  
t i a l s  of I, a ,  and T f o r  Eq. 1, where w e  have set  3 = I / a ,  a be ing  t h e  
area of t he  f i lament  t h a t  t h e  c o l l e c t o r  s e e s  and I the  c o l l e c t o r  cur -  
r e n t  as read  by a meter .  The r e s u l t  i s  
** * = - + k T ( - + @ + - ) .  rn AI  2 a  
** T I a  T 
‘D 
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The c u r r e n t  meter used has  a 4 percent  e r r o r  and &/a is approximately 
10 percent  maximum, hence for a 10 percent  e r r o r  i n  e m i s s i v i t y ,  w e  
have a 2.7 percent  e r r o r  i n  &p /'D . The maximum temperature  i s  as 
be fo re .  
* ** 
To f i n d  t h e  sys temat ic  error i n  Q of Eq. 20, take  p a r t i a l  d i f -  
P 
f e r e n t i a l s  of T and T i .e .  
P J  
AQ -2 = d T l n Q  + k T T  E2 
P T P QP 
The maximum Q 
1,000'K. 
t i o n  of t h e  s lope  t o  f i n d  Q . The osc i l l o scope  i s  3 percent  a c c u r a t e ,  
hence one might have a maximum e r r o r  of 12 pe rcen t  i n  determining T 
from t h e  t r a c e  (2 measurements of l eng th ) .  The r e s u l t  i s  0.34 pe rcen t  
e r r o r  f o r  AQ /Q . 
measured w a s  3.25 e V  f o r  temperatures  up t o  about 
P 
Above t h i s  temperature t h e  d a t a  w e r e  no t  included f o r  evalua-  
P 
P 
P P  
The sys temat ic  e r r o r  i n  9 ,  as determined by t h e  a l t e r n a t i n g  f i e l d  
method, i s  eva lua ted  by t ak ing  p a r t i a l  d i f f e r e n t i a l s  of Io and I, i n  
Eq. 31. The r e s u l t  i s  
Since I is  an osc i l l o scope  t r ace ,  AI /I  i s  6 pe rcen t .  I, i s  r ead  
from a Kei thley 600A e lec t rometer ,  having a 4 percent  c a l i b r a t i o n .  
For tungs ten  and the  two a l l o y s ,  w e  found I /I, t o  b e  a minimum of 100 
f o r  t h e  range of temperature used t o  e v a l u a t e  Q and Q 
0.1 percent  f o r  t h e s e  t h r e e  ma te r i a l s .  
hence i t s  sys temat ic  e r r o r  inAB/B w a s  0.2 pe rcen t .  
0 0 0  
0 
hence A @ / B  is 
P J  
I r id ium had a Io/Im of 50, 
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APPENDIX E 
CHEMICAL ANALYSIS 
I n  most cases  i t  w a s  n e i t h e r  p r a c t i c a l  nor p o s s i b l e  t o  o b t a i n  a 
q u a n t i t a t i v e  spec t roana lys i s  of t he  w i r e  specimens. Consequently,  
except  f o r  the 10 percent  tungsten-90 percent  tan ta lum specimen, a l l  
are semiquant i ta t ive  ana lyses  of t h e  p r e t r e a t e d  w i r e  i n  Table E - I .  
Since a semiquant i ta t ive  a n a l y s i s  i s  not  s u f f i c i e n t l y  s e n s i t i v e  t o  
r e v e a l  d i f f e rences  between t h e  p r e t r e a t e d  and t r e a t e d  w i r e ,  no ana lyses  
were performed on the  t r e a t e d  w i r e .  
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TABLE E-I 
SPECTROGRAPHIC ANALYSIS 
I r id ium wire  ( I r )  
I r id ium - remainder 
Copper- 0.00064% 
Calcium- t r a c e  
l e s s  than  0 .COO2 
Rho d i um - 0 .OS8 
Pla  t i u m -  0 .C24 
Other elements- n i l  
Rhodium wire  (Rh) 
Rho d i  um - remainder 
Calcium- 0.0017% 
Copper- 0 .  COO60 
I r o n -  0 .070 
Boron- 0 .032 
Chromium 0.0068 
Other  elements- n i l  
Tungsten wire  (W)  
Tungsten - remainder 
S i l i c o n -  0.017% 
Magnesium- t r a c e  
less than  0 .0003 
Iron- t r a c e  
less than 0 .GO6 
Calcium- t r a c e  
l e s s  than 0 .0004 
Other e lements-  n i l  
Copper- 0 .GO11 
10% Tungs ten -90% Tanta lum 
C 2Q Ppm 
H 5 PPm 
0 640 ppm 
Cb 800 ppm 
Fe  50 PPm 
Mo 50 Ppm 
S i  50 Ppm 
Ca 10 Ppm 
A 1  less than 
N i  
T i  
Z r  
C r  
Mn 
v 
Sn 
Mg 
10 PPm W 
Rhenium wire  ( R e )  
remainder Rhenium- 
Ca l c  i u m -  t r a c e  
I r o n -  0.0072 
S i l i c o n -  0.012 
Other e lements-  n i l  
less than 0 .0005% 
Tantalum w i r e  (Ta) 
Tantalum- remainder 
S i l i c  on - 
Copper- 0.0032 
Other  e lements-  n i l  
0.0070% 
74% Tungsten-26% Rhenium 
Tungs ten-  remainder 
Rhenium- 32.% * 
Calcium- t r a c e  
less than 0 .COO4 
S i l i con  - not de tec t ed  
l e s s  than 0.009 
Magnesium- t r a c e  
less than 0.0003 
Copper- 0.00076 
Other  e lements-  nil 
less than 10  ppm 
l e s s  than 10 ppm 
less than 10 ppm 
l e s s  than  10  ppm 
l e s s  than 10 ppm 
less than 10 ppm 
l e s s  than  10 ppm 
l e s s  than 50 ppm 
1 0 .  1% 
Tantalum balance 
-major  c o n s t i t u e n t s  a r e  only approximate i n  a s emiquan t i t a t ive  a n a l y s i s .  
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